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Purpose: Intensity modulated radiotherapy (IMRT) treatments require more beam-on time and
produce more linac head leakage to deliver similar doses to conventional, unmodulated, radiotherapy
treatments. It is necessary to take this increased leakage into account when evaluating the results of
radiation surveys around bunkers that are, or will be, used for IMRT. The recommended procedure of
applying a monitor-unit based workload correction factor to secondary barrier survey measurements,15
to account for this increased leakage when evaluating radiation survey measurements around IMRT
bunkers, can lead to potentially-costly over-estimation of the required barrier thickness. This study
aims to provide initial guidance on the validity of reducing the value of the correction factor when
applied to different radiation barriers (primary barriers, doors, maze walls and other walls) by
evaluating three different bunker designs.20
Methods: Radiation survey measurements of primary, scattered and leakage radiation were obtained
at each of five survey points around each of three different radiotherapy bunkers and the contribution
of leakage to the total measured radiation dose at each point was evaluated. Measurements at each
survey point were made with the linac gantry set to 12 equidistant positions from 0 to 330o, to
assess the effects of radiation beam direction on the results.25
Results: For all three bunker designs, less than 0.5% of dose measured at and alongside the primary
barriers, less than 25% of the dose measured outside the bunker doors and up to 100% of the dose
measured outside other secondary barriers was found to be caused by linac head leakage.
Conclusions: Results of this study suggest that IMRT workload corrections are unnecessary, for
survey measurements made at and alongside primary barriers. Use of reduced IMRT workload30
correction factors is recommended when evaluating survey measurements around a bunker door,
provided that a subset of the measurements used in this study are repeated for the bunker in
question. Reduction of the correction factor for other secondary barrier survey measurements is not
recommended unless the contribution from leakage is separetely evaluated.
∗ t.kairn@gmail.com
2I. INTRODUCTION35
Intensity modulated radiotherapy (IMRT) has been clincally deliverable using medical linear accelerators incor-
porating multileaf-collimator (MLC) systems since the mid-1990s [1, 2]. IMRT involves the production of radiation
beams with spatially-varying intensities, and allows conformal radiation treatments to be delivered to concave and
bifurcated target volumes [3]. The increasing clinical adoption of IMRT treatment modalities, including rotational
IMRT (refered to as VMAT or IMAT), has led to a growing interest in accurately evaluating the effects of IMRT40
delivery on the adequacy of radiation shielding [1, 4–7].
IMRT treatments require more monitor units (MU) per Gy of absorbed dose, and therefore longer beam-on time,
than conventional 3D conformal radiotherapy (3DCRT) techniques [1, 8]. IMRT treatments therefore deliver increased
treatment-head leakage dose, both inside and outside the radiotherapy bunker [1, 4]. Conventional leakage workload
calculations, used in bunker shielding design and evaluation, are not suitable for bunkers in which IMRT treatments45
are delivered [4].
A correction for the increased leakage workload due to IMRT can be evaluated for shielding design calculations
by [4]: making an estimate of the proportion of treatments that will be delivered as IMRT (for example, Purdy et
al recommend using a conservative estimate of 0.5 to 1.0, to allow for increasing IMRT use [1]); calculating an MU
correction factor as the ratio between the number of MUs required to deliver an IMRT treatment of a given dose and50
the number of MUs required to deliver the same dose to water at 10 cm depth using an unmodulated 10×10 cm2 field
(this ratio, often designated M , usually falls between 2 and 10 with NCRP Report 151 recommending 5 as a default
value [4]); multiplying these two factors to provide an ‘IMRT factor’, CI ; and then applying this correction to the
‘leakage workload’ for the linac (which is itself a fraction of the workload of the linac). The resulting IMRT-corrected
leakage workload can then be used in calculations of the required barrier thicknesses for the bunker.55
Accounting for IMRT during radiation surveys of completed radiotherapy bunkers is not so straightforward. Al-
though leakage radiation is predicted to have a higher mean energy than the primary radiation beam, the delivery
of IMRT treatments is expected to have a negligible effect on primary barrier thicknesses [1, 4] so the CI factor
is generally not applied to the workload when evaluating radiation survey results around primary barriers [5]. By
contrast, the increased contribution of leakage to the secondary dose, and the difficulty of separating the leakage from60
the scattered component of the radiation signal, lead to survey results around secondary barriers of IMRT bunkers
often being corrected by applying CI to the entire workload [5–7].
Applying CI to the workload, rather than the leakage workload, when evaluating a radiation survey, may result
in a potentially-costly overestimate of the required secondary barrier (including door) thickness. In circumstances
where the contribution of head leakage to the detectable dose outside the bunker is low, the economic cost of adding65
additional shielding in order to deliver IMRT, or the public health detriment of deciding against delivering IMRT
treatments to avoid the perceived necessity of adding additional shielding, is likely to outweigh the possible radiation
protection benefit. However, the circumstances where the head leakage contribution can be expected to be low are
currently not well understood.
This study aims, therefore, to provide initial guidance on the use of CI to provide well-justified shielding solutions70
for existing, modified or new radiotherapy bunkers in which IMRT treatments are to be delivered, by investigating
the contribution of head leakage to the level of detectable radiation at a range of survey points for three different
bunker designs.
II. METHOD
Radiation survey measurements were made at several points around three adjoining radiotherapy bunkers, each75
of which housed a Varian Clinac (Varian Medical Systems, Palo Alto, USA) capable of producing a 6 MV photon
beam. These radiation sources were chosen for investigation because the use of higher energy photon beams is not
recommended for IMRT delivery, due to the risks associated with neutron production [4].
Survey readings were made using a calibrated Inovision 451P-DE-SI pressurised ion chamber survey meter (Inovision
Radiation Measurement, Solon, USA), positioned using a tripod, 1.3 m from the floor (at approximately isocentre80
height) and 0.3 m outside the radiation barrier at each survey point. This survey meter was calibrated against Cs-
137, to measure tissue-equivalent dose in units of µSv. All readings were made with the survey meter operating in
exposure rate mode, with each ‘measurement’ evaluated as the mean of ten readings obtained at 1-2 second intervals,
during continuous irradiation. Standard deviations from these mean values were used to identify the 99% confidence
intervals, which define the error bars and uncertainties on all data presented herein.85
The radiotheraby bunkers used in this study (shown in Figure 1) were specifically chosen because of their sub-
stantially differing floor plans, to broaden the applicability of the resulting recommendations. Bunker 2 is a typical
radiotherapy bunker, with a floorplan similar to general room layout examples discussed in NCRP Report 151 [4].
3FIG. 1. Layout of bunkers 1, 2 and 3 (identified by un-filled numerals), showing (a) dimensions (maze lengths and distances
from inner side of primary barrier to isocentre and opposite wall, measured in cm) and (b) survey points (indicated by numbers
1A to 3E). Walls embedded in hillside are shown surrounded by dark grey shading. Wall partially embedded in hillside is
surrounded by mid-grey shading. Light grey shading indicates the approximate range of the primary beam in each bunker.
TABLE I. Angle between beam axis and normal to primary barrier (θwall) and angle between beam axis and maze entrance
(θmaze), for each gantry angle (θgantry) used in each bunker. Values of θgantry are defined according to the IEC 601 scale,
such that for observers facing the linac, the treatment head is at the 12 o’clock position when θgantry = 0 and at the 3 o’clock
position when θgantry=90.
Bunker: 1 1 2 2 3 3
θgantry θwall θmaze θwall θmaze θwall θmaze
0 270 270 270 270 270 270
30 300 300 300 240 240 300
60 330 330 330 210 210 330
90 0 0 0 180 180 0
120 30 30 30 150 150 30
150 60 60 60 120 120 60
180 90 90 90 90 90 90
210 120 120 120 60 60 120
240 150 150 150 30 30 150
270 180 180 180 0 0 180
300 210 210 210 330 330 210
330 240 240 240 300 300 240
.
Bunker 1 is smaller than Bunker 2 and has a longer maze with an extra corner. Bunker 3 has an unconventional
floorplan, with a maze running parallel to the gantry axis before a sharp 135o corner near the bunker door. All three90
bunkers are built into a hillside, so that some areas are partially or totally inacessible and have minimal shielding
requirments. Nonetheless, all three bunkers have a primary barrier and a number of secondary barriers, including a
maze and a door.
Figure 1 shows the locations of the survey measurement points used in this study. Points 1A, 2A and 3A were
used to provide measurements outside primary barriers, points 1B, 2B and 3B provided measurements outside bunker95
doors, points 1C, 2C and 3C provided measurements outside maze walls and all other points provided measurements
outside different secondary barriers.
At all points other than those outside primary barriers, ‘secondary’ dose measurements were obtained with the
linacs’ collimators fully opened and with a 54 litre water phantom positioned at the isocentre, to act as a source of
scattered radiation. At points outside primary barriers, ‘primary’ dose measurements were obtained with the linacs’100
collimators fully opened and with no phantom in the path of the beam. Additionally, at all survey points, ‘leakage’
dose measurements were obtained with the linacs’ collimators fully closed (MLCs closed to the central axis, lower (X)
jaws closed to 2 cm off-axis and upper (Y) jaws closed to 10 cm off-axis) and with no phantom in the path of the
beam.
At all survey points and for all linac-phantom configurations, measurements were obtained for twelve evenly-spaced105
4gantry angles, to evaluate the effects of beam orientation on the results. For measurements at primary barriers, maze
walls and bunker doors, results are shown and discussed in terms of the angle between the beam axis and the normal
to the primary barrier or the maze entrance (θwall or θmaze). For all other measurements, results are shown and
discussed in terms of gantry angle (θgantry), where θgantry is defined in terms of the ‘IEC 601’ scale [9, 10]. Table I
summarises the relationships between θwall, θmaze and θgantry, for the three bunkers studied. (For clarity of display,110
data shown in some figures are offset by 360o.)
III. RESULTS
A. Primary barriers
TABLE II. Results for primary barriers: Dose rates obtained from primary and leakage at θwall = 0, leakage measurements
averaged over all gantry angles, the maximum leakage measurement across all gantry angles and the ratio of the maximum115
leakage dose across all gantry angles to the primary dose at θwall = 0.
Result θwall Bunker 1 Bunker 2 Bunker 3
Primary dose (µSv/h) 0 19.6±0.5 23.7±0.7 6.3±0.4
Leakage dose (µSv/h) 0 0.01±0.04 0.07±0.02 0.00±0.05
Average leakage dose (µSv/h) 0 to 360 0.00±0.01 0.05±0.02 0.00±0.01
Maximum leakage dose (µSv/h) Angle of max. leakage 0.02±0.03 0.09±0.03 0.01±0.01
Maximum leakage / Primary dose Angle of max. leakage / 0 0.001±0.001 0.004±0.001 0.002±0.003
.
Table II summarises the results of the primary barrier measurements and compares the leakage doses with the
primary doses measured at θwall = 0. Table II shows that primary transmission varies strongly between the three
bunkers, due to the different designs, distances and barrier thicknesses involved, with bunker 3 providing the most120
effective primary radiation shielding. By contrast, the leakage doses measured outisde these barriers were found to be
small and similar to each other. The ratio of the maximum leakage dose across all gantry angles to the primary dose
at θwall = 0, shown in Table II, is consistently low, with all values less than 0.5% and most values within confidence
limits of zero.
Despite the substantial differences in the design and effectiveness of the three primary barriers indicated by Figure125
1(a) and Table II, all three barriers reduced detectable leakage radiation to a negligible level. These measurement
results confirm that leakage radiation makes a negligible contribution to dose detected outside primary barriers and
validate the freqently-applied assumption [1, 4, 5] that corrections for IMRT workload do not need to be applied to
primary barrier measurements.
B. Doors130
Figures 2(a) and (b) illustrate the contribution of leakage to the total dose measured outside the bunker doors (at
points 1B, 2B and 3B, in Figure 1(b)).
Figure 2(a) shows that, for all three bunkers, there is a systematic increase in secondary radiation reaching the
survey point, as the beam is directed towards the side of the bunker that connects with the maze (θmaze = 0). This
increase in measured dose is greatest for bunker 2, which has the shortest maze. Doses measured for bunker 3, where135
the maze makes a sharp turn before the door, were substantially smaller than the doses measured at the doors of the
other two (more conventionally-designed) bunkers.
Figure 2(b) shows the leakage contribution as a proportion of the total ‘secondary’ dose measured outside the three
bunker doors; the ratio is less than 0.25 for all gantry angles, for all three bunkers. Leakage was undetectable, above
background, at the door to bunker 3.140
C. Mazes
Figures 2(c) and (d) show the results of measuring the ‘secondary’ and leakage radiation, respectively, outside the
maze walls of the three bunkers (at points 1C, 2C and 3C in Figure 1(b)). These figures show that both the secondary
and the leakage doses are low (compared to the doses detected outside the bunker doors, shown in Figure 2(a)) and
5FIG. 2. (a) Total dose (filled plot symbols) and leakage dose (open plot symbols), measured at bunker doors, for 360o gantry
rotation. (b) Ratio of leakage dose to total dose, at bunker doors, for 360o gantry rotation. (c) Total dose (filled plot symbols),
measured at maze wall, for 360o gantry rotation. (d) Leakage dose (open plot symbols) measured at maze wall, for 360o gantry
rotation. Plot symbols represent results from bunker 1 (diamonds), bunker 2 (squares) and bunker 3 (triangles). Error bars,
shown only for bunker 2, represent 99% confidence intervals. Solid and dotted lines interpolate between data points as a visual
guide only.
erratic; only bunker 1 seems to show a systematic relationship between dose and gantry angle, with higher doses145
detected when the beam is directed towards the maze entry.
The ratio between the leakage dose and the total secondary dose is similarly erratic and is close to or within
confidence limits of zero, when averaged over all beam angles, for each bunker. However, qualitative comparison
of Figures 2(c) and (d) suggests that the contribution of leakage to the total measured ‘secondary’ dose should be
more-conservatively estimated at 50-100%.150
D. Walls
Similarly to the data obtained outside maze walls, described above, scatter and leakage doses at the other secondary
barrier survey points were generally small and noisy; most measured doses were less than 0.2 µSv/h.
Figures 3(a) and (b) show data for the three secondary barrier survey points at which doses above 0.2 µSv/h
were recorded. Figure 3(a) shows that outside the secondary barriers of bunkers 1 and 3, at survey points close to155
the edge of the bunkers’ respective primary barriers (1D and 3D in Figure 1(b)), the total secondary dose increases
precipitously when the beam is directed towards the wall (see peak labelled ‘A’). Figure 3(b) shows no corresponding
peak, indicating that leakage dose at this orientation is not substantially increased. The ratios of leakage to total dose
at these positions and beam angles are 0.001± 0.001 for bunker 1 and 0.04± 0.01 for bunker 3.
Figures 3(a) and (b) both show a small peak (labelled ‘B’) in the dose measured at point 1E, outside the back160
6FIG. 3. (a) Total dose (filled plot symbols), measured at secondary barriers, for 360o gantry rotation. (b) Leakage dose
(open plot symbols) measured at secondary barriers, for 360o gantry rotation. Plot symbols represent results from point 1D
(diamonds), point 1E (squares) and point 3D (triangles). Peaks labelled A and B are discussed in the text. Error bars are
smaller than plot symbols. Dotted lines interpolate between data points as a visual guide only.
corner of bunker 1 (see Figure 1(b)), which occurs as the treatment head approaches the elevation of the survey point
(−150o < θwall < 120
o). Because this peak has approximately the same magnitude in both figures its presence can
be attributed, almost entirely, to leakage.
The peaks in Figures 4(a) and (b) represent two extremes; minimum leakage contribution to measured dose (ratio
less than 5%) when the survey point is adjacent to a primary barrier and the beam is directed towards the wall, and165
maximum leakage contribution to measured dose (ratio not significantly different from 100%) when the treatment
head is close to the secondary barrier. For all other measurements made at points 1D, 1E, 2D, 2E, 3D and 3E, where
measured doses were below 0.2 µSv/h, the leakage contribution ranged from 0% to 100% of the total secondary dose
measured, with the median leakage contribution equating to 34% of the total secondary dose.
IV. DISCUSSION170
It has previously been assumed that barriers that are designed to adequately shield against primary radiation will
also adequately shield against leakage radiation [1, 4]. Data shown in Table II confirm this assumption, indicating
that leakage delivers less than 0.5% of the primary dose rates measured for the three bunkers investigated in this
study. When evaluating survey measurements made outside these primary barriers, no workload correction for IMRT
is necessary.175
Figure 2(b) demonstrates that the leakage contribution to the total ‘secondary’ dose measured outside the three
bunker doors is less than 25%, for all gantry angles. When surveying around the doors to these three bunkers it would
therefore be advisable to apply a conservative correction equal to CI/3 or CI/2 to the linac workload, in order to
account for the increased leakage due to IMRT. Application of the whole CI factor could lead to an overestimation of
the additional door-shielding required for the safe delivery of IMRT treatments.180
Before electing to use a reduced workload correction (such as CI/3 or CI/2) when evaluating survey results obtained
around the doors of other bunkers, it would be advisable to repeat some of the measurements described herein. In
particular, given the variation of dose with gantry angle observed in this work (see Figure 2(a)), we would recommend
evaluating the ratio of leakage to total dose with the radiation beam directed both towards and away from the maze
entry.185
For secondary barrier walls, measurements made in this study uphold the contention that scattered radiation dose
dominates over leakage dose in regions close to primary barriers, where a strong small-angle scattered signal is expected
[4]. At survey points subject to small-angle scatter from the phantom at the isocentre, leakage doses contributed less
than 5% of the measured dose, while at all other measurement points the leakage contribution ranged up to 100%.
In order to allow for IMRT, the whole CI factor should therefore be applied to the linac workload when evaluating190
survey measurements obtained at points that are beyond small angle scattering range. For secondary barrier survey
measurements obtained in regions adjacent to primary barriers, the application of a workload correction for IMRT is
unlikely to be necessary.
7To independently evaluate the necessity of using a correction for IMRT workload for survey measurements made
around the secondary barriers of another bunker, we would recommend measuring the leakage component of the195
scattered dose measurement at at least one point near the primary barrier, where the leakage contribution is at its
minimum, and at least one point near or at the back of the bunker, where the scattered component is likely to be
reduced.
The recommendations provided in this study should not be uncritically applied to all IMRT bunkers. Measurements
made during this study used 6 MV photon beams only; no higher energies were examined. The observations relating200
to the maze and bunker doors are unlikely to apply to direct-entry bunkers. Additionally, when planning independent
survey measurements and analyses, the performance of individual linacs needs to be taken into account. Leakage
through the treatment head has been shown to vary strongly, depending on linac manufacturer and design [11] and
leakage measurement location [12].
Observations made in this work are intended to provide initial guidance and to encourace further investigation.205
V. CONCLUSION
This study confirms that when evaluating survey results for an IMRT bunker, the application of a workload
correction is unnecessary when evaluating primary dose measurements obtained outside the primary barrier and
suggests that the correction is also likely to be unnecessary when evaluating secondary dose measurements obtained
alongside the primary barrier.210
This study further suggests that the standard IMRT leakage correction may be reduced, from CI to as little as
CI/3, when evaluating survey results for the bunker door, to take into account the reduced contribution of leakage to
measured dose at the door.
Before applying the recommendations derived herein to a local IMRT bunker, we recommend that at the following
measurements should be made: 1. Evaluate the leakage to total secondary dose outside the bunker door, with the215
beam directed towards and away from the maze entry. 2. Evaluate the ratio of leakage to total secondary dose for at
least one point alongside the primary barrier, with the beam directed towards the primary barrier, and 3. Evaluate
the ratio of leakage to total secondary dose at a point that is far from the range of the primary beam and as close as
possible to the linac gantry, with the gantry rotated to position the treatment head as close as possible to the survey
point. This minimum set of required measurements should provide an indication of the reliability of using a reduced220
leakage correction for measurements outside the bunker door, as well as an indication of the range of contributions
that leakage is likely to make to the total measured dose around the bunkers other secondary barriers. Appropriate
analysis and use of the resulting data should allow a well-justified shielding solution for the IMRT bunker to be
identified.
When applying any of these recommendations allowance should always be made for individual linac properties and225
bunker designs.
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